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(S) Reduction of gradient coil interaction with room temperature shims. 



(§7) A gated amplifier 32 drives a gradient coil 25 
when the gate signal 31 is applied and the gate 
signal 31 also controls an FET switch 30 to 
disconnect a shim power supply from shim coils 
23 and connects the shim power supply instead 
to a dummy load. When the gate signal 31 is 
removed, the shim coil 23 is restored to oper- 
ation from the shim power supply. 
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The invention is in the area of nuclear magnetic 
resonance instruments generally and particularly per- 
tains to apparatus including transient gradient mag- 
netic field coils and static magnetic field compensato- 
ry coils. 

The NMR phenomena is a magnetic field sensi- 
tive response of nuclear magnetic moments (or 
"spins") to transfer of energy from an external energy 
source to the nuclear spin system. The phenomena is 
applied in many different forms, but largely the under- 
lying physical operation may be regarded as a meas- 
urement of magnetic field in terms of an RF frequency. 
Broadly speaking, the phenomena is exploited for ap- 
plications in the field of analytical chemistry and sep- 
arately for acquiring representations of spatial distrib- 
utions of compositions exhibiting certain chemical 
characteristics. An example of the latter is apparatus 
for realizing an image of a sample. These are not ex- 
clusive purposes: spatial distribution maps, e.g., med- 
ical imaging, also include aspects of analytic chemical 
discrimination, and applications in analytic chemistry 
may utilize spatial discrimination. The phenomena de- 
mands a locally defined magnetic environment wheth- 
er such magnetic environment includes a known field 
which is static and uniform or transient and non-uni- 
form. 

In order to assure control of the magnetic envir- 
onment, the sample space is carefully shimmed, that 
is to say, compensated, to reduce undesired magnetic 
field components. This is accomplished with static 
shim coils designed to controliably impose a magnetic 
field of selected direction and/or symmetry to cancel 
a residual magnetic field in the sensitive volume of the 
instrument. These shim coils are often disposed in the 
room temperature peripheral space of the bore of a 
superconducting magnet. 

The achievement of a high degree of uniformity is 
essential for the magnetic environment of a sample to 
be studied via NMR phenomena. Controlled non-uni- 
formity of the same magnetic environment is required 
for a number of measurement techniques. These 
techniques demand precise control in spatial depend- 
ence. Transient gradient fields add further require- 
ments for both spatial and time dependence of the de- 
sired magnetic field. Examples of such apparatus are 
in the spatial encoding of information in NMR signals; 
selective excitation and/or detection of specific quan- 
tum transitions; and, observation or exploitation of va- 
rious diffusion related phenomena. 

Desired magnetic field gradients are obtained 
with coils designed to furnish the required directional 
and spatial dependence in cooperation with respec- 
tive current sources controllable to yield the desired 
amplitude, duration and perhaps functional time de- 
pendence. These coils are disposed at the periphery 
of the bore of the superconducting magnetic in close 
proximity to the shim coils. As a consequence of the 
close proximity of (pulsed) gradient coils and (steady 



state) shim coils, there is induced in (certain) shim 
coils a current component due to application of the 
transient condition to the gradient coil. This parasitic 
effect is maximal for shim coils or gradient coils which 

s generate roughly parallel (or anti-parallel) field com- 
ponents and minima! in the case where the mutual ori- 
entation of fields produced by the shim coil and the 
gradient coil are orthogonal. 

The problem is exacerbated in narrow bore instru- 

10 ments because the shim and gradient coils are nec- 
essarily disposed quite dose together. In very wide 
bore equipment, such as medical imagers, there is 
frequently no provision for shim coils, or the available 
space permits some displacement of shim coils and 

15 gradient coils or provision is made for shielding 
means between them to attenuate the coupling there- 
between. 

It is known to employ a corresponding gradient 
amplifier-gradient coil combination to furnish the shim 

20 field component during a transient, leaving the shim 
coil disconnected from its power supply and directing 
the shim power supply output to the gradient amplifier. 
A typical gradient amplifier is rated to deliver of the or- 
der of 10 2 amps for the transient gradient excitation. 

25 The shim field component consumes of the order of 
10- 3 amps in the steady state. The steady state per- 
formance at the lower output current level is affected 
by amplifier noise. This is quantified by the observa- 
tion that shimming via gradient coils as above descri- 

30 bed may secure homogeneity of the order of 2 to 5 
Hertz (as measured by the observed width of a sharp 
resonant line) whereas the shimming operation via 
static shim coils may yield an observed line width of 
the order of 0.2 to 0.5 Hertz. 

35 The nature of the interaction between these (un- 

desirably coupled coils may be quite complex be- 
cause the respective circuits ordinarily exhibit diverse 
time constant and in general one observes damped 
oscillations ("ringing") in the response of the shim coil. 

40 

Brief Summary of the Invention 

According to the invention there is provided appa- 
ratus for magnetic resonance measurement as set out 
45 in claim 1. According to an alternative aspect of the in- 
vention there is provided the method of avoiding inter- 
action of shim coils with gradient coils of NMR appa- 
ratus as set out in claim 2. 

An example of the invention will now be described 
so with reference to the accompanying drawings in 
which: 

FIG. 1 is a schematic description of the context of 
this invention. 

FIG. 2 describes the deleterious effect. 
55 FIG. 2B described an amelioration of the effect of 

FIG2A. 

FIG. 3 is a block diagram of the switching ar- 
rangement of the present invention. 
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FIG. 4 shows a set of line shapes acquired at suc- 
cessive times as perturbed by magnetic field tran- 
sients induced in shim coils. 

FIG. 5 shows result of the present invention for 
measurements of FIG. 4. 

FIG. 6 shows the time variation of the field (signal 
phase) for the data of Figures 4 and 5. 

A typical NMR data acquisition instrument is 
schematically illustrated on FIG. 1. An acquisi- 
tion/control processor 10 communicates with an RF 
transmitter 12, modulator 14 and receiver 16 including 
analog-to-digital converter 18 and digital processor 
20. A modulated RF power source irradiates an object 
(not shown) and magnetic field 21 is maintained to de- 
fine a region of magnetic field homogeneity, or sensi- 
tive volume region. Shim coils 23 are disposed to 
compensate measured departures from homogeneity 
in the sensitive volume under control of shim control- 
ler unit 24. Gradient coils 25 excited by pulsed power 
supply 27 are disposed to impose known and control- 
led field gradients on the sensitive region. A probe as- 
sembly 22 is disposed in the sensitive volume region. 
Resonant response of the object is intercepted by 
probe 22 communicating with receiver 16. The re- 
sponse typically takes the form of a transient oscilla- 
tory signal, or free induction decay. This transient wa- 
veform is sampled at regular intervals and the sam- 
ples are digitized in adc 18. The digitized time domain 
waveform is then subject to further processing in proc- 
essor 20. The nature of such processing may include 
averaging the time domain waveform with a number 
of nominally identical such waveforms, and transfor- 
mation of the averaged time domain waveform to the 
frequency domain to yield a spectral distribution func- 
tion which is directed to output device 26. The latter 
may take on any of a number of identities with the dis- 
play of further analysis and data. 

The magnetic field 21 is established by an appro- 
priate magnet means maintained in a cryostat hous- 
ing a superconducting solenoid for establishing a 
magnetic field in a bore of the cryostat, (not shown). 
The probe, sample, gradient coils and (at least some 
of the) shims are housed at room temperature in the 
bore of the cryostat structure. Their structures are well 
known. 

It is recognized in the present work that pulsed 
gradient fields induce eddy currents in certain nearby 
closed circuits such as the shim coils, and these cir- 
cuits are amenable to control. Thus, in FIG. 2a one 
would measure a transient in the shim current i s con- 
sequent to gradient transients. The resulting magnetic 
environment would reflect a superposition of these ef- 
fects, thereby exposing the sample to a transient mag- 
netic field component due to eddy currents sustained 
in the shim coil circuits. 

In FIG. 2b there is expressed an arrangement 
wherein the shim coil circuit is interrupted for the in- 
terval wherein the gradient is active, thereby avoiding 



the above undesirable effect 

Turning now to FIG. 3, there is shown a circuit 
suitable to effectuate the present invention. The prop- 
er shim current for the shim coil 23 is established by 

5 the shim controller and power supply means 24. The 
adjustment of the shim current is beyond the scope of 
the present work but is an otherwise known techni- 
que. The value of the shim current is adjusted to es- 
tablish a compensating field that cancels a remnant 

10 undesired field component thereby to establish a 
more uniform magnetic field within the sensitive re- 
gion V, occupied by the sample. This is important be- 
cause any applied gradient, as well as the static field 
will be distorted by undesired in homogeneity. The 

15 proper current is controlled, usually, from digital to 
analog converters (DACs) 29 comprising current 
sources from which a current is directed through FET 
switch 30. Switch 30 has the character of a single 
pole-double throw configuration controlled by gate 

20 pulse 31 . Gate pulse 31 is also shaped to operate the 
gate input of gated amplifier 32. The linear input of the 
gated amplifier 32 is derived from a pulse program- 
mer, not shown but forming a portion of acquisition 
controller 10, to produce the desired gradient pulse of 

25 specified amplitude and time dependence. The gated 
amplifier 32 is preferably operated in the Class A 
mode and when gated on presents a desired excita- 
tion to the corresponding gradient coil. 

When the gate pulse 31 occurs, the FET switch 

30 30 switches the shim power supply to the dummy load 
(not shown) leaving the shim coil open and thus incap- 
able of supporting induced currents. 

It is to be noted that during the interval when the 
gradient pulse excites the gradient coil, the compen- 

35 satory field is now absent. In ordinary arrangements 
the gradient pulse presents a time dependent mag- 
netic field which is very much greater than (typically, 
2 orders of magnitude) the field supplied by the shim 
coil. It is also to be recalled that shim coils and gra- 

40 dient coils generating approximately parallel (or anti- 
parallel) directed magnetic fields are subject to the 
greatest interaction. In the instance where these fields 
are in fact parallel (or anti-parallel) the effect of the 
compensatory field is completely subsumed within 

45 the transient field. 

FIG. 4 shows a set of 11 line shapes for a water 
sample acquired for 11 values of elapsed time (.3 mil- 
lisecond to 1 sec.) from the removal of the gradient 
field to the acquisition of the respective line shape. 

50 During this time any transient magnetic field compo- 
nents due to eddy currents will be active. As the 
elapsed time is incremented, the phase of the reso- 
nance line shifts demonstrating the presence of a 
transient magnetic field. The line shape and its phase 

55 conveys a measure of the instantaneous magnetic 
field condition. The set of line shapes of FIG. 5 were 
acquired in the arrangement where the shim coils will 
remain connected to the shim power supply thereby 
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the steps of: 

(a) providing a gating signal to a gated amplifier, 

(b) driving a gradient coil from the output of said 
gated amplifier as a result of step (a), 

(c) deriving from said gating signal a switch con- 
trol level, 

(d) actuating a switch in response to said switch 
control level to disconnect said shim coil from a 
shim coil energy source and connecting said shim 
coil energy source to a dummy load, 

(e) removing said gating signal from said gated 
amplifier and returning said switch to a second 
state including disconnecting said shim coil ener- 
gy source from said dummy load and connecting 
said shim coil. 



Claims 

(1) Apparatus for magnetic resonance measure- 30 
ment comprising: 

(a) Main polarizing magnet means for establish- 
ing an axis of precession for nuclear spins; and, 

(b) At least one magnet shimming means for com- 
pensating an undesired magnetic field compo- 35 
nent, said magnet shimming means comprising: 

(1) a shim coil and, 

(2) a shim power supply communicating with 
said shim coil for supplying current to said 
shim coil, 40 

(c) Pulsed gradient field means for imposing a 
transient magnetic gradient on said sample 
space, comprising: 

(1) pulse gradient power supply further com- 
prising a gated amplifier; and, 45 

(2) gradient coils means, communicating with 
said pulse gradient power supply, 

(d) Switch means for disabling said communica- 
tion of said shim power supply to said shim coil 

and establishing communication of said shim 50 
power supply to a dummy load; and, 

(e) Gate signal means for actuating said switch 
means and for concurrently enabling said gated 
amplifier to activate said gradient coil, whereby 
said shim coil is an open circuit when said tran- 55 
sient gradient coil is activated. 

(2) The method of avoiding interaction of shim 
coils with gradient coils of NMR apparatus comprising 



supporting eddy currents in the shim coils due to tran- 
sitions of the gradient field. The line shapes acquired 
at different times exhibit variation in phase, indicating 
a transient magnetic field component (over a range of 
about 200 millisecond) due to eddy currents during 5 
this interval. This variation is shown expressly in FIG. 
6 for the data of FIG. 4 (open square) and the data of 
FIG. 5 ("+"). 

In FIG. 5 the shim coils are disconnected to elim- 
inate a transient magnetic field arising from eddy cur- 10 
rents in the shim coils. A very small transient compo- 
nent is observed for the earliest of the line shapes (at 
t=.3 ms) due to eddy currents induced in other con- 
ductive structures. 

The above described measurements were car- 15 
ried out in an actively shielded gradient environment 
to remove the effect of eddy currents induced in the 
cryostat structure, e.g., physical structure disposed at 
greater radial distance than the shim coil 23 from the 
axis. 20 

The invention as here described is effective for a 
wide range of usages of pulsed gradient fields. How- 
ever, in the general case, RF excitation concurrent 
with pulsed gradient activation, e.g., slice selection, 
will require additional correction. 25 
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